Introduction
In fluid mechanics, the phenomenological effects caused by the agglomeration of microscopic events often contribute to radical macroscale behavior. The impact of such behavior is drastically influential to the constructive applicability of the phenomenon in practice. Such a phenomenon, whose occurrence is hardly a rarity in nature, is the vortex shedding that results from flow separation (von Karman 1911) .
Vortex shedding is a simple phenomenon in appearance that draws its roots from a complex, non-linear symmetry breaking instability (Boghosian & Cassel 2016; Durgin & Karlsson 1971; Schatzman 1981) . The entire Bernard-von Karman Vortex Street Wake cannot occur in porous media in practical scenarios since the flow is constrained by solid obstacles. However, the effect of the von Karman instability has significant repercussions that lead to an asymmetric solution to a symmetrically posed problem. The asymmetric nature of flow is seen to extend to the macroscopic (bulk) behavior of the flow which is present only if the obstacles are arranged in a specific repetitive manner.
Turbulent flow simulations in infinitely spanning homogeneous porous media have revealed a directional deviation of momentum from the principal plane of symmetry. The temporal progression of symmetry breakdown is effectuated through the amplification of a microscopic imbalance that arises from the emergence of a von Karman instability. Several geometric criteria determine the occurrence of symmetry breaking, but the parameters that control it are limited to the momentum supply and the magnitude of confinement. The phenomenon suggests a strong dependence of the macroscopic field variables on the interaction between microscopic vortices. In practice, macroscopic amplification of microscopic instability provides a platform for enhanced fluid mixing in porous media and a source for macroscopic instabilities that are larger in size than the pore scale.
This discovery draws its roots from a quest to study the suppression of turbulent structures within a porous medium with low porosity (the porosity is denoted by φ in this work). The diameter of the solid obstacles d, or the pore size s (obstacle array spacing distance) are used in practice to describe the characteristic length scale of the microscopic flow, neither of which can adequately describe the variation in the size of the turbulent structures with porosity. Having observed that the turbulent length scale suppression in porous media is, in fact, quite significant Uth et al. 2016) , examination of the associated flow field revealed that the flow deviates significantly from the principal direction in which the driving force (momentum source) is applied when the porosity is low. The deviatory flow has also been observed by other researchers in the context of heat exchangers (Iacovides et al. 2013) . It is worthwhile to understand the mechanics of this phenomenon due to the abundance of porous media with low porosity throughout various applications (Nield & Bejan 2017) .
The number of flow systems that can be approximated to be porous is substantial (Bear 1975; de Lemos 2006) . Modeling macroscopic flow in porous media is, in essence, a lumped parameter method with the added complexity of non-linearity. Although sufficiently accurate macroscopic models are available (de Lemos 2006) , the sheer versatility of applications invalidates several models. For instance, when simulating turbulence in porous media, the closure models for the fluctuating macroscopic terms still require development . Modeling symmetry breaking in the turbulent flow regime in flows with low porosity requires careful consideration, since the phenomenon is strongly dependent on geometry and boundary conditions. The mechanism by which the microscopic events are transferred to the macroscopic variables, which would result in macroscopic symmetry breaking, is dependent on a range of parameters, some of which are identified in this work. To understand the interplay between microscopic and macroscopic variables, a comprehensive momentum budget is required in future work.
Turbulent flow in porous media has been studied recently with much rigor. The advent of High Performance Computing has facilitated high-resolution studies using numerical simulations. These studies have enabled resourceful extraction of the intricate details that are associated with the microscopic scales of turbulent flow. However, the simulations are still subject to reasonable, yet unnatural simplifications. One such simplification that is utilized here is the abstraction of a porous medium as a periodic domain with a uniform arrangement of solid obstacles, called the Generic Porous Matrix (GPM). The GPMs used in this work are two dimensional, deriving from the fact that the voids are distributed in a single plane and are extruded in the plane normal direction.
The periodic GPM domain is called a Representative Elementary Volume (REV). The Turbulence REV (REV-T) is defined as the smallest control volume beyond which microscopic features at the centroid of the control volume cease to have a macroscopic influence. The size of the REV-T is determined based on the expected size of the largest turbulent eddies, which is smaller than four times the pore size, 4s (Uth et al. 2016) . The two-dimensional nature of the GPM allows for smaller domain bounds (2s) in the 2-D plane-normal direction. Even though the flow features for a 2-D GPM are three-dimensional, their influence in the plane-normal direction is small. It should be noted that several researchers have successfully utilized smaller domains for turbulence simulations in porous media (Iacovides et al. 2013; Kuwahara et al. 2006 ).
Computational Method
A majority of the numerical simulations in this work are preformed using the Large Eddy Simulation (LES) technique on a 2-D GPM for a wide range of porosity, while Reynolds Averaged Navier Stokes (RANS) simulations and Direct Numerical Simulations (DNS) are used to validate LES. The Reynolds number that is chosen for the LES and RANS cases in this work is 10,000, which is well within the fully turbulent flow regime where the effect of transitional flow is absent (Seguin et al. 1998) . Simulations are also performed for a range of Reynolds numbers, starting from a laminar condition to a fully turbulent condition. After verifying the occurrence of the phenomenon at a low Reynolds number of 500, a DNS validation is performed for a Pore Scale Reynolds number specification of 1,000. It is established that the error in measurement of macroscopic flow angle in LES is ~1.3% (contrasted with DNS for φ = 0.5). The simulations are performed with the commercial CFD solver ANSYS Fluent 16.0 on the North Carolina State University Linux cluster utilizing between 80 -200 Intel Xeon Processors in parallel. The number of grid points vary between 8,000,000 -15,000,000 cells for the LES and RANS cases, as the geometry is adjusted for increasing porosity. The DNS case requires 90,000,000 cells for an adequate resolution at the chosen Reynolds number. The simulations take between 20,000 -40,000 CPU-Hours (Computation Time in Hours for a single CPU).
Since the flow is wall bounded, the near-wall requirements of the grid are very stringent. High grid resolution is necessary to place an adequate number of grid points in the boundary layer in order to resolve the transverse boundary layer profile. The near-wall grid is designed as per established guidelines (Chapman 1979; Choi & Moin 2012) . The grid is constructed such that the size of the largest cell is of the order of the Taylor microscale of the flow that is estimated as given in Pope 2000. While this is considered good practice, the contribution of turbulence with a length scale smaller than the grid cell size is calculated using a SubGrid Scale model, called the Dynamic One Equation Turbulent Kinetic Energy Model (Kim & Menon 1997) . To verify the results qualitatively, the mean flow solution is computed on the same grids using a RANS model, called the Realizable k-ε Model. Excellent qualitative agreement is observed, while the quantitative agreement is reasonable.
A 2-D GPM that consists of a periodic array of circular cylinders is used to simulate flow in a porous medium (see figure 1) . The porosity that is associated with this geometry is calculated as the fraction of the void volume in the total domain volume. Periodic boundary conditions are applied on all boundaries of the solution domain. The flow rate is maintained by using a momentum source term, gx. The value of gx is adjusted twice per time step to reflect a specified mass flow rate in the x-direction.
A second order discretization scheme is used in both space and time in order to solve the governing equations using the Finite Volume Method. For the LES cases, a bounded second order central discretization method is used for the convection term to mitigate the negative effect of artificial diffusion. For the DNS and RANS cases, a Second Order Upwind differencing scheme is used to approximate the convective terms in place of the central scheme for stability concerns. The time advancement scheme is implicit, and the associated non-linear terms are solved iteratively. The PISO algorithm is used to solve the Pressure Poisson Equation along with the momentum equations in a segregated manner. When the momentum source term gx is corrected at each time step, an initial transient stage is present which is not included while sampling for turbulent statistics. Past the initial transient, the field variables were sampled for 10 MRTs (Mean Residence Time calculated using domain size and characteristic velocity) or until the first and second order statistics converged. For the simulation that starts from a symmetric flow field and progresses to a deviatory flow, the initial transient cannot contain these large amplitude oscillations. Therefore, the momentum source magnitude was fixed based on the steady state value obtained from a previous simulation.
A grid convergence study is not possible in the case of LES, since the quality is expected to increase until the grid resolution approaches the requirements for DNS. The quality of simulations is assessed using a parameter known as the Index of Quality (Celik et al. 2005) . The Index of Quality is a parameter that is best suited for isotropic turbulence and is used advisedly to provide a reasonable measure of quality. An index value of unity corresponds to a fully resolved turbulent flow. LES_IQ values for the present simulations have been calculated to be consistently greater than 0.85, which falls within a reasonable approximation of the scales of turbulence for the LES method. For DNS, the quality parameter, ∆, is utilized (see Uth et al. 2016) . This parameter measures the error incurred while verifying the conservation of mechanical energy, which is a variable that is not solved for in these simulations of incompressible fluid flow.
An overview of the development of the symmetry-breaking phenomenon
When turbulent flows are simulated in porous media using the 2-D GPM geometry that is shown in figure  1 , the flow behavior shows a strong dependence on the value of porosity. A plot of the mean flow streamlines for different values of porosity is provided in figure 2. The most striking observation from figure 2 is that a macroscopic flow angle (〈 〉 , defined in this work as the angle between the macroscopic velocity vector and the momentum source vector) is present that is dependent on porosity, a parameter that measures the extent of confinement induced by the solid obstacles. There exists a regime of flow with regard to porosity (φ > 0.95) where the flow pattern surrounding a GPM obstacle behaves independent of other obstacles in the medium. True independence is virtually impossible. However, the interaction between the wake behind an obstacle and the surface of the streamwise adjacent obstacle is weak and the wake interaction between transverse adjacent obstacles is non-existent. Note that the streamwise adjacent obstacles are located along the principal direction while the transverse adjacent obstacles are located normal to the principal direction, above the streamwise adjacent obstacle. Weak wake interaction would result in the flow possessing characteristics that are typically observed in external flows. When the porosity is reduced (0.8 < φ < 0.95), a strong interaction exists between streamwise adjacent obstacles with the wake from one obstacle impinging on the wall of the streamwise adjacent obstacle.
In porous media with low porosity (φ < 0.8), the influence of the proximity of the walls of the adjacent obstacles becomes apparent. For these geometries, the flow possesses characteristics that are similar to that of internal flows. At φ = 0.8, the minimum gap in between adjacent obstacles is equivalent to the obstacle diameter. As the porosity reduces further, the void size reduces as well, while the obstacle diameter continues to increase. The size of vortices scales with the diameter of the obstacle in the case of external flows. This is indeed what would happen in the case of high porosity (φ ≥ 0.8), where there is sufficient room for the vortices to form and dissipate between streamwise adjacent cylinders.
For the case of low porosity, the inherent spatial confinement alters the flow behavior resulting in two possible scenarios. The decisive factor for each scenario is determined by the ability of the flow to remain attached to the surface of the obstacle. Our simulation results suggest that this ability is directly derived from the availability of momentum in the proximity of the vortex shedding process, through the pressure force acting on the solid obstacles and the strength of the vortex interaction. In the dire absence of supply of momentum, the flow is forced to separate at a prescribed location while preserving symmetry. The vortex that is associated with this separation point is typically large and would scale with the size of the obstacle. A vortex of this size cannot be transported in a medium that is as constrained. When the size of the shed vortex is comparable to the gap between two obstacles, the vortex cannot maintain its form as it passes through the voids due to the presence of a strong local adverse pressure gradient in the void. In a sense, the vortex would plug the porous medium until it disintegrates. However, this does not happen in practice owing to the massive loss in momentum that would have incurred. Rather, the generated vortex forms a zone of recirculation in between the streamwise adjacent obstacles. The bulk of the flow continues to pass over the recirculation zones since the gap is "bridged" by the vortices. The recirculating vortices are slowly and continually dissipated in the shear layer in between the recirculation zone and the bulk flow in the form of a Kelvin-Helmholtz instability, thereby making room for incoming fluid that enters the recirculation zone after separation.
If adequate momentum is available to the fluid, the flow follows a different path that results in the deviatory flow that is seen in figure 2 . The associated Reynolds number of the flow marks the incidence of the von Karman instability which is characterized by a detached vortex system. The vortex shedding process must mutate in a manner that allows for more room for dissipation. A change in the location of the separation point, such that the locations are not symmetric on the obstacle surface, causes a shift in the direction of vortex shedding such that the vortices no longer impinge on the streamwise adjacent obstacle that is in such close proximity. In the case with φ = 0.72, the gap between adjacent cylinders is sufficiently large, allowing the formation of a vortex on either side of the obstacle symmetry plane. An asymmetry in the location of the separation point tilts the shedding path and allows the vortices to be dissipated in the mean flow. As a result of this shift, it can be observed that the vortices of a pair formed by this procedure are not identical in size. As the porosity is lowered further (φ ≤ 0.61), the flow remains forcibly attached under the influence of the stagnation pressure for long enough to separate on the same side of the obstacle symmetry plane. Separation on either side of the obstacle symmetry plane is not possible here since the minimum void space is too small to allow the vortex to be transported across it without disintegration. Since vortices propagate in the direction dictated by the separated shear layer, separation on the same side results in the interaction between transverse adjacent obstacles. The wakes of the obstacles in the case of low porosity impinge on the transverse adjacent obstacle rather than the streamwise adjacent obstacle. FIGURE 2. Mean flow streamlines at the midplane for varying porosity φ (a-d) show the presence of a macroscopic flow angle that depends on φ.
In order to understand the asymmetrical nature of the mean flow and the change in the separation point, some features of the geometry that correspond to internal flows must be considered. The periodic arrangement of obstacles is perceived differently by the flow in the case of low porosity. Rather than looking at the arrangement in terms of the obstacles, one must think of the GPM for low porosity as an arrangement of paths for the fluid. The GPM is essentially formed by a network of "convergingdiverging" channels that are connected in two directions. This enables a possible explanation for the ability of the flow to remain attached in the converging portion of the channel due to the additional momentum supplied by the favorable pressure gradient, which typically exists in converging geometry. This ability is enhanced as the porosity becomes lower, until a critical value is reached where the two obstacles are close enough that the flow would be forced to trip from the influence of the constriction. To visualize this better, a simulation is performed starting from a constant, symmetric initial solution until the deviatory flow is sustained. The simulation is performed for a Pore Scale Reynolds number (Rep = ⁄ ; where is the filtration velocity, d is the obstacle diameter, and ν is the kinematic viscosity) of 10,000, which is well within the limit of fully turbulent flows (Seguin et al. 1998) , and for a porosity of 0.50, which is not close to any critical value in the governing parameters.
Temporal Progression of the symmetry-breaking process from a symmetric solution field
The enormous dataset (collected from 15,000 time steps) that is acquired by collecting the time history of field variables must be processed suitably to extract the important features. Mere visualization is insufficient owing to the sheer volume of information that is presented concurrently. A Continuous Wavelet Transform (CWT) is used as a tool to identify the time intervals in which significant events take place. A data probe for the y-velocity is placed in the centroid of the void in between streamwise adjacent obstacles. The time history of the y-velocity is transformed into a wavenumber space varying with time. Significant events are identified based on the magnitude of the coefficients of the wavelet weighting function (see figure 3) .
Preservation of initial symmetry
Starting from a uniform flow field, the initial stage, up until the flow first separates, closely resembles a creeping flow scenario with the flow streamlines closely following the contours laid out by the walls of the obstacles. This attached flow behavior cannot be sustained at this large value of Reynolds number. The flow separates as early as ̅ = 0.2 (t is non-dimensionalized with ⁄ ). When the flow separates, a pair of symmetric vortices are shed that occupy the streamwise adjacent void in the form of recirculation vortices. At this stage, asymmetry would start to develop in the solution field at the micro-scale. However, it does not present itself in an explicitly visible manner yet. The use of CWT helps to identify the presence of this asymmetry, which is invisible in the streamline plot.
Development of asymmetry
The Navier-Stokes equations are non-linear, which contribute random characteristics of its own accord. The von Karman instability can emerge from even the smallest of defects that may be present in the numerical grid or the solution process, allowing the instability to manifest in a manner that breaks symmetry. Since the recirculating vortices are detached from the surface of the obstacle, a second shedding cycle occurs once again in a manner that preserves symmetry. However, this symmetry is shortlived as the newly formed vortex pushes into the recirculation zone causing the recirculating vortices to break down into multiple structures marking the beginning of asymmetry. It is observed that a phase difference in shedding emerges; this is characteristic of the von Karman instability. Consequently, the recirculating vortex system that breaks down does so in an uneven manner such that the structures on the leading phase side dissipate before the structures on the lagging phase side do (see figure 4) . In all of the simulations shown in figure 2, the deviatory flow is oriented such that the transverse momentum contribution is along the positive y-direction. It is equally probable that the deviatory flow is oriented along the negative y-direction. The directional preference of the deviatory flow in the y-direction is decided, randomly, by the initial phase difference. FIGURE 3. CWT scalogram plot for the time signal of y-velocity probed at the geometric centre of the streamwise adjacent void. The scalogram shows the various stages towards the breakdown of symmetry, which highlights key time strands in the dataset that must be analysed to understand the progression of symmetry breaking. The contours are coloured by the normalized amplitude of the wavelets whose change in value represents the significance of the event at that time. The frequency (vertical) axis represents the rate at which the event occurs. The scalogram is correlated with streamline plots to obtain the accurate location of the time strands. The flow is balanced by symmetry initially, denoted by the region with zero amplitude. The amplitude then builds up slowly followed by rapidly occurring events leading to deviatory flow, indicating a non-linear build-up of asymmetry. The peaks associated with flow entrainment and separation point relocation are located at a higher frequency band than the remainder of the flow. The frequency segregation informs, prior to the streamline analysis, of the rapid nature of change in higher frequency time strands to ensure that important flow features are not ignored.
The vortex breakdown process continues until all but a single vortex structure pair from the recirculating vortices are lost to dissipation. The single remaining vortex is detached from the shedding process and lingers on the flow incident surface of the streamwise adjacent obstacle. The advancing vortex from the next shedding cycle pushes the lingering, recirculating vortex downstream. The phase difference in vortex shedding enables the lingering vortices to pass into the mean flow sequentially without having one vortex be a hindrance to the other.
The recirculating vortex on the leading phase side is pushed first, such that it is also dissipated in the process. The passage of one vortex of the lingering pair ensures that the other vortex remains in the same location. The accumulation of vortex structures on the lagging side results in the formation of a low pressure region, when compared to the leading phase side. Since the vortex has passed on the leading side, the pressure gradient across the obstacle symmetry plane, aided by the converging-diverging nature of the geometry, pulls fluid from the leading side to the lagging side, resulting in the transverse flow contribution. It is essential that the entrainment of fluid is sustained in order for the mean flow at steady state to be oriented at an angle to the principal direction.
In symmetric flow, there are three stagnation points on the flow incident surface of the streamwise adjacent cylinder. All three stagnation points occur at the termination point of vortices on the obstacle surface. Since the stagnation point that is located on the obstacle symmetry plane cannot cause a deviation in symmetry, the points of interest are located on either side of it. The magnitude of the stagnation pressure at these points are equal, thereby maintaining a balance in the pressure distribution and making a negligible contribution to the momentum in the y-direction. When the von Karman instability causes an imbalance and subsequent flow entrainment, the stagnation point on the leading side becomes much stronger. This imbalance in the pressure distribution on the flow incident surface of the obstacle provides a driving force in the transverse direction.
Channeled by this driving force, the new vortex that is formed on the leading side deviates in its path from the principal direction to enter the converging-diverging section with substantial momentum in the transverse direction. The vortex disintegrates in the throat of the section where it encounters an adverse pressure gradient, which is not conducive towards the preservation of the large vortex structure. This marks the passing of the first vortex across the obstacle symmetry plane.
As more fluid is entrained, the separation point is dragged downstream by the favorable pressure gradient. By virtue of the phase difference, the separation point on the lagging phase side remains unchanged. In the case of φ > 0.61, this would be the end of the whole process and the mismatch in separation point would be sustained by the stagnation region. For lower porosity (φ ≤ 0.61), the void in between streamwise adjacent obstacles is not large enough to contain this vortex system, especially since the shedding path is tilted. The shift in the separation point must continue in order to tilt the shedding path further away from the proximal obstacles.
When the shed vortices are driven by their proximity to the stagnation point, the flow will reattach in the converging section of the geometry (for φ ≤ 0.61) and separate again much closer to the separation point on the lagging phase side such that a vortex pair is formed on the same side of the obstacle symmetry plane. The vortex that is encompassed by the separation and reattachment process resembles a separation bubble. The separation bubble is short-lived when the Reynolds number of flow is far from turbulence transition as it increases the tortuosity of the flow path and need not be sustained once the symmetrybreaking process is complete. The separation bubble diminishes in size with time. Once the separation bubble vanishes, the separation point shifts to the same side of the obstacle symmetry plane as the lagging vortex side. Following this shift, the flow is sustained as long as momentum is supplied.
The mean pressure distribution on the flow incident side of an obstacle is shown in figure 5 . The absence of symmetry in the pressure distribution is the driving factor for the deviatory flow in the long run. The flow propagates from a region of high pressure to a region of low pressure, following the gradient of the pressure field. The pressure distribution appears to vary with porosity, the implications of which are discussed in §4.1.
Intuition would suggest that the deviatory flow cannot persist in the absence of external aid. However, it is postulated that the deviatory flow is sustained indefinitely provided that the applied pressure gradient is not changed. This is surmised from the manner in which momentum is balanced inside the REV-T. Considering the boundaries of the REV-T to be a Control Volume, the conservation of momentum is verified in the domain. The contribution of momentum from the faces of the REV-T is zero, because of solution matching at these boundaries from the periodic boundary condition. The wall of the solid obstacle is also considered to be a boundary for the Control Volume. It is observed that the net force that acts on the solid obstacles in the x-direction is balanced by the applied pressure gradient. In the ydirection, it is observed that the net force that acts on the solid obstacles is zero, with the pressure force balancing the viscous force. The symmetry-breaking phenomenon develops as a result of the asymmetry in pressure distribution and will continue to increase the angle of deviation until the pressure force is unable to overcome the viscous force. Deriving from the forces that act on the surface of the solid obstacles, it is observed in later sections that the symmetry-breaking phenomenon is strongly coupled with the geometric parameters (see §4.1. ).
The development of symmetry breakdown from the perspective of stagnation pressure on the surface of the solid obstacle
The pressure distribution on the surface of the solid obstacles plays a critical role in symmetry breaking. The location and the magnitude of the stagnation point on the flow incident surface of the solid obstacle determines the driving force in the direction normal to the symmetry plane. To illustrate the correlation of the peak pressure to the transition from symmetric to deviatory flow, the time history of the magnitude and location of the peak pressure points are plotted in figure 6 . Note that the magnitude of peak pressure is non-dimensionalized with the mean dynamic pressure of the macroscopic flow. The location at which the peak pressure occurs is measured from the plane of symmetry on the flow incident surface of the solid obstacle. The initial flow starts out with three stagnation points associated with the symmetric two vortex system. The stagnation point that is located above the obstacle symmetry plane is denoted as the top stagnation point and the one that is located below is called the bottom stagnation point. The statistically steady flow possesses a positive y-momentum component, implying that the top stagnation point will vanish once the deviatory flow develops. For deviatory flow, the plot displays the peak pressure value on the top quadrant of the flow incident surface, which is not a point where the flow stagnates. The peak value of pressure in the deviatory flow is significant in its contribution to y-momentum as it is detrimental to the supply of momentum.
The observations that are made from the time variation of the magnitude and the location of the peak pressure correlate well with the features that are observed in the variation of y-velocity in the streamwise adjacent void (see figure 3 ). This confirms the notion that the stagnation point, and the peak pressure contribute directly to the build-up of y-momentum. The deviation of peak pressure (which is equivalent to the deviation in stagnation pressure until asymmetry develops) is defined in this work as σPo, calculated as the normalized peak pressure difference. The variation of σPo with time is plotted in figure 7.
The variation of σPo possesses many sharp peaks that are associated with the impingement of the wake emanating from the solid obstacles. While most of the peaks fall within the standard deviation of the curve, peak overshoots are present that overshadow the remaining peaks. Upon correlation with streamline plots, it was concluded that the peak overshoots occur when the phase difference in shedding causes the stagnation pressure on the leading phase side to be much higher than the pressure on the lagging phase side as the shed vortices approach the solid obstacle surface. These peaks illustrate the presence of a phase difference, but they have not been observed to cause any explicit change to the driving force. Therefore, the peak overshoots have been removed from figure 7 using a median filtering operation with the cut-off threshold equal to the local standard deviation. The filtered data is then scaled to enunciate the features of the curve.
The deviation is zero when the flow preserves symmetry at the beginning of the simulation. It begins to increase at ̅ = 0.4 (non-dimensional time is used as defined in §3.1.1. ) during the formation of the first vortex pair. The deviation appears to be insignificant, but the emergence of the von Karman instability is dependent on the presence of a minute disturbance in the flow field. Once the first vortex pair reaches the flow incident surface upon detachment, the stagnation pressure increases rapidly, leading to a 10% deviation in favor of the top stagnation point. A key observation that is made in several visualizations is that the flow is first inclined in the opposite direction, before the complete development of asymmetry changes the direction of the macroscopic flow to the positive y-direction. The location of the stagnation point is also symmetric until ̅ = 1, where the first strong deviation is observed. Once the von Karman vortex mechanism sets in, peaks in deviation, magnitude, and location start to appear. Along with the presence of peaks, the median trend of the deviation also increases until a statistically stable value is reached, which is denoted by the mean deviation. The deviation continues to oscillate about the mean throughout the remainder of the simulation time. The increasing trend is characteristic of the build-up of asymmetry that is irreversible (unless the boundary conditions change). Infinitely periodic domains are conducive to the sustenance of deviation, since an infinite fluid reservoir is available. In the absence of this infinite reservoir (for example, in cases where the porous medium fills the shape of a larger entity immersed in a fluid), such a large deviation (over 100%) may not sustain, but rather the deviation would oscillate about a smaller value.
The first peak in pressure that occurs at ̅ = 0.8 marks the first interaction of the vortices with the surface of the solid obstacle. The impingement of the vortex pair on the surface of the solid obstacle results in a large magnitude of stagnation pressure that is one order greater than the mean dynamic pressure of the macroscopic flow. The magnitude strength possessed by the stagnation pressure is crucial to its ability to manipulate the macroscopic flow field. Subsequently, peaks in the plot in figure 6(a) occur whenever a vortex is incident on the surface of the solid obstacle. However, the vortex pair develops a phase difference after the first peak leading to temporally localized pressure gradients that develop in magnitude as the vortices interact with each other. The magnitude of the stagnation pressure can be seen to reduce after the initial development stage ( ̅ > 4). The strength of the vortices that would be shed in the absence of symmetry breaking is clearly demonstrated by the magnitude of the stagnation pressure in the developmental stage, which would incur a much larger loss in the momentum of the flow. FIGURE 5. Pressure distribution (non-dimensionalized with mean bulk dynamic pressure) on the flow incident surface of the solid obstacle.
The location of the peak pressure on the top and bottom follows a trend that is similar to that of the pressure magnitude. Initial symmetry is preserved until ̅ = 0.8, after which, the location of the peak pressure responds to the variation in the magnitude and σPo. Discontinuities in the plot of the location of the peak pressure occur due to the departure of a vortex from the streamwise adjacent void. The discontinuity in location is typically accompanied by the change in orientation of the streamlines in the vicinity of the peak. The first discontinuity is observed at ̅ = 1.5, which kick-starts the development of momentum in the y-direction. The departure of the vortex in this time-frame is documented in figure 4. The location of the peak jumps upstream when the vortex departs in the x-direction and downstream when the vortex departs in the y-direction. After ̅ = 3, stagnation does not occur on the top surface and the peak pressure contributes only towards reducing the local gradient in the pressure distribution.
The parameters that control the deviatory flow
The symmetry-breaking phenomenon is not a universal effect that is present in all porous media. In fact, it is highly sensitive to geometry and boundary conditions. The fundamental parameters that affect symmetry-breaking are porosity, solid obstacle shape and Reynolds number. The effect of these parameters on the macroscopic flow field is examined as presented in this section. 
Porosity
It was inferred from the streamline plots in figure 2 that the macroscopic flow angle changes with porosity. The macroscopic flow angle rises slowly from zero until the porosity is low enough for the vortex size to be constrained by the void space. At this stage, a sharp increase in macroscopic flow angle is observed as the separation point shifts from opposing sides to the same side of the obstacle symmetry plane. A maxima exists close to φ = 0.61, after which the macroscopic flow angle reduces slowly. This is attributed to the proximity of the obstacle surfaces when using large obstacles. The mean pressure distribution on the flow incident surface of the obstacle is nearly symmetric for the case of φ = 0.80 (see figure 5 ) resulting in a very small magnitude of macroscopic flow angle. As porosity reduces, asymmetry is observed in the pressure distribution and the ratio of mean stagnation pressure to the mean bulk dynamic pressure increases. This signifies that the angle increases as a consequence of the increased ability of the flow to remain attached, which is derived from a stronger stagnation pressure in a closely packed obstacle arrangement. In the case of φ = 0.50, a secondary peak is observed which is only a fraction as strong as the stagnation peak. The secondary peak reduces the slope of the pressure distribution which in turn reduces the macroscopic flow angle. It is attributed to the proximity of an obstacle to the stagnation point on its transverse adjacent obstacle. As the porosity is reduced further, this peak pressure is expected to increase. A summary of simulation cases set up to study the dependence of the macroscopic flow field on the porosity is presented in tables 1, 2 and 3.
Measurement of the Vortex Core Size
The naming convention for the elements of the flow that are associated with vortices and flow separation is illustrated in figure 8 . The variation of vortex core diameter (dvc) with porosity in Cases 1-7 is plotted in figure 9 (a). The fundamental observation in this plot is that the individual vortices in a pair have different sizes. This is a result of the asymmetric vortex shedding process.
The vortex core diameter does not vary monotonically with porosity. A remarkable observation is that individual vortices of a pair seem to vary independently of one another in core size. The variation in the size of the vortices with porosity is also remarkable, showing the distinct behavior of the vortices when the void space is small. The vortices on the bottom (naming convention in figure 8) increase in size as porosity reduces until a critical value of porosity is reached, beyond which the size decreases. The vortex size increases first as a consequence of increasing solid obstacle diameter. The size continues to increase until the generated vortices are too large to be contained in the void volume. Beyond this point, the vortex size will reduce as dictated by the void size. The sudden drop in vortex core diameter for the bottom vortex is an indication of the suppression of the vortex core size in low porosity as a result of the decreasing void volume. On the top side, the vortex core size decreases first as porosity is reduced until a critical value of porosity is reached, which is identical to that of the bottom vortex. This reduction in size is a consequence of the growth of the bottom vortex and the tilt in the shedding path, which together constrains the vortex. The core size increases once the vortices start to shed on the same side of the obstacle symmetry plane of the solid obstacle. This increase is attributed to the location of the separation point for the top vortex changing to match the bottom vortex.
It is expected that the size of the two vortices will become equal as porosity tends to unity. Speculation for the low porosity cases is that the vortex sizes should approach equality. However, the flow may separate sooner as a consequence of constriction in between the obstacles resulting in a pair of symmetric vortices that will be larger than the ones predicted by extrapolation of the curve in figure 9(a).
FIGURE 8. Naming convention for the elements of the vortex shedding process behind the solid obstacles.
FIGURE 9. The variation of (a) non-dimensional Vortex Core diameter (dvc) and (b) macroscopic flow angle (〈 〉 ) with porosity for circular cylindrical obstacles.
Influence of porosity on the macroscopic flow angle
The plot of macroscopic flow angle (〈 〉 ) in figure 9(b) is within the range of porosity where the deviatory flow is expected to occur. The macroscopic flow angle divides turbulent flow in porous media into two distinct regimes -symmetric and deviatory, divided by a critical value of porosity that is determined to be φ = 0.80 for the case of circular cylinder obstacles. For medium porosities greater than 0.80, the flow pattern is symmetric resulting in a macroscopic flow angle of zero. The macroscopic flow angle increases almost exponentially with decreasing porosity in the deviatory regime (0.61 < φ < 0.8).
A large increase in the macroscopic angle that results in a jump when the porosity decreases from 0.67 to 0.61 (see figure 9 (b)) is observed, which is a consequence of the shift in the separation point from opposing sides to the same side of the obstacle symmetry plane. Some discrepancy exists as to whether this is a region of high sensitivity to porosity or whether there exists an actual jump in the macroscopic flow angle. The discontinuity in macroscopic flow angle occurs at a critical value of porosity within the deviatory regime where the hindrance caused by the small void size forces the vortex shedding configuration to change across it. An actual jump in the macroscopic flow angle is more likely since the difference in characteristics of the two vortex shedding configurations that is present before and after the jump is drastic. A continuous variation of macroscopic flow angle cannot occur at the critical value of porosity, such that a unique vortex shedding mechanism exists across this critical value of porosity.
A peak value of the macroscopic flow angle will be observed at the value of porosity where there exists a balance between two microscopic events. The porosity must be small enough for the shift in the separation point to occur, displacing the location of the separation point to the same side of the symmetry plane. Consequently, the porosity must not be so low that the confining walls of the obstacles do not allow the change in the orientation of the vortex shedding path through the small void. The location of the peak will typically follow the location of the jump. In our simulations, the peak value of macroscopic angle occurs at φ = 0.61.
Once the peak value is attained, decreasing the porosity further will no longer increase the angle. The proximity of the adjacent walls of the solid obstacles will influence the flow in a way that decreases the macroscopic flow angle. The proximity of the obstacle surfaces ensues the proximity of flow features on the surfaces, such as the stagnation point. The stagnation point on an adjacent cylinder will reduce the effective pressure gradient in the y-direction, which drives the flow to increase the macroscopic flow angle. In spite of an increase of stagnation pressure with reducing porosity, the driving force is counterbalanced by a reduction in the pressure gradient due to the secondary peak in pressure resulting in a smaller macroscopic flow angle.
To validate the results from LES, RANS simulations and DNS are also performed. DNS is used for a case with φ = 0.5 at Rep = 1,000 to conclude that the macroscopic angle prediction with LES has an error of only 1.37% for this case. Turbulence model independence of symmetry breaking has been established using DNS, and it is important to note from the comparison of the macroscopic angle that the phenomenon of symmetry breaking is largely dependent on the large-scale eddies. The RANS simulations agree very well, qualitatively, with the trend predicted by LES. The jump in the macroscopic angle is predicted to be located at the same range of porosity (0.61 < φ < 0.67). The macroscopic angle increases exponentially at first, reaches a peak value, and then starts to decrease. The peak value of macroscopic angle occurs at a porosity of 0.5 in RANS, rather than at 0.61 as predicted by LES. RANS also predicts a sharp increase in the macroscopic flow angle near φ = 0.80, resulting in a larger range of porosity that is sensitive for the macroscopic flow angle. For a porosity of 0.61, it is observed that the RANS model predicts flow separation on opposing sides of the plane of symmetry of the solid obstacles, while the vortex is formed on the same side of the symmetry plane. This is an unlikely solution since the converging nature of the void will cause the flow to reattach and it is isolated to be the cause of the discrepancy between the LES and RANS results. The errors introduced by the steady state solver, modelling errors, and the use of wall functions will contribute to a poorer solution near the wall. However, LES is subject to modeling errors as well. Error in LES arises from the fact that a majority of the scales near the wall are not resolved. A completely resolved Direct Numerical Simulation is the only method that would be able to predict the actual trend.
Influence of porosity on the location of the stagnation point
A key observation from the vortex core diameter measurements is that one of the vortex cores is larger than the other, which is a rarity for flows around circular cylinders. Intuition would lead to the belief that the smaller vortex is formed by the separation point that is located farther downstream on the surface of the solid obstacle. However, this is not the case, and the reason behind this is investigated by analyzing the stagnation and separation points on the surface of the solid obstacle.
In figure 10 , the location of the stagnation point ( ) is plotted against porosity. The stagnation point shows little variation with porosity signifying that it is the incident flow that determines the location of the stagnation point rather than the orientation of the vortices. For the case of high porosity, only one stagnation point is formed in the center of the incident surface, much like the case in external flows involving circular cylinders. It should be noted that wake impingement on the adjacent solid obstacle would decide the location of the stagnation point, rather than the incident flow in porous media flows. A symmetric mean wake pattern would not result in a shift in the stagnation point.
At the onset of the deviatory regime (0.67 ≤ φ ≤ 0.8), flow is entrained by the vortex interaction in the transverse direction that causes a shift in the stagnation point. Near the transition point to deviatory flow (φ ~ 0.80), two peaks in the pressure distribution on the wake incident surface of the solid obstacle are observed. Each peak is associated with stagnation caused by the impingement of a partially dissipated vortex. With regard to the mean flow, one peak clearly dominates the other resulting in a single stagnation point at the location of the stronger peak. At the critical value of porosity for transition to symmetrybreaking, characteristics from both regimes are observed with the deviatory flow being localized in the wake alone while the remainder of the flow remains unaffected. Given that the case with a porosity of 0.8 is closest to transition, where the flow behavior is easily upset by small disturbances such as the numerical error associated with the discretized periodic boundary conditions. Far from the influence of the boundaries, the flow pattern is identical throughout the domain.
Past the transition region into the regime of deviatory flow, there exists a single peak in the pressure distribution on the surface of the solid obstacle since the shedding path is titled to divert the wake away from the proximal solid obstacles. Between the porosities of 0.61 and 0.67, a negligible change in the location of the stagnation point is observed. This change is brought about by the interaction of the wake with the transverse adjacent obstacle (due to separation on the same side of the symmetry plane) which pushes the stagnation point away from the region of wake dissipation. It is indeed a surprising inference that the location of the stagnation point seems to be independent of porosity in the regime of deviatory flow given that the flow mechanisms differ quite drastically.
FIGURE 10. The locations of (a) the bottom separation point ( ), (b) the top separation point ( ), and (c) the stagnation point ( ) on the circular cylinder solid obstacles plotted against porosity.
Influence of porosity on flow separation
The location of the separation point is plotted in figure 10 for the top and the bottom vortices (refer figure 8 for nomenclature). The location of the separation point for the top vortex ( ) does not change significantly, similar to the variation in the location of the stagnation point. It is important to note that some change is present, however, the relative magnitude of change when compared to the trend for the bottom surface is much less. The location of the separation point at the top is merely responding to the location at the bottom and the associated size of the bottom vortex. The location of the separation point on the top surface can be seen to shift downstream when the porosity is reduced in the range of 0.67 ≤ φ ≤ 0.8, while the normalized vortex core size decreases. In the porosity range of 0.43 ≤ φ ≤ 0.61, the location of the separation point continues to shift downstream, but the normalized vortex core size increases. A discontinuity in behavior is present in the correlation between the location of the separation points and the vortex core size between the porosities of 0.61 and 0.67. This discontinuity is visible as an upstream shift in the location of the top separation point in this range of porosity when there is a jump in the vortex size.
The location of the separation point for the bottom vortex ( ) varies with porosity in a manner that is very similar to the variation of macroscopic flow angle. It is observed that the magnitude of macroscopic flow angle is decided by the location of the separation point for the bottom vortex, which forms a cause and effect relationship between the surface phenomena and the macroscopic flow field.
The other parameters ( and ) do not directly influence the macroscopic flow angle. The location of the separation point for the bottom vortex is decided by the magnitude of the stagnation pressure (a plot of the variation of pressure distribution with porosity is shown in figure 5 ) on the streamwise adjacent solid obstacle. The shear layer at the separation point will always advance in a direction that is tangential to the velocity at the separation point. The direction of propagation can be changed by external factors such as diffusion (momentum exchange with the mean flow) and obstruction (presence of a local pressure gradient induced by the solid walls or other eddies).
In the porosity range 0.67 ≤ φ ≤ 0.80, the separation point for the bottom vortex is located below the obstacle symmetry plane, progressively shifting closer to the symmetry plane as porosity is decreased. The shift in the location of the separation point is constrained by the size of the vortex and the magnitude of the stagnation pressure. The direction of propagation of the vortices is inclined away from the direction of propagation of the separated shear layer at the separation point in order to circumvent the wall of the streamwise adjacent solid obstacle, with the magnitude of inclination increasing with decreasing porosity. Once the adjacent obstacle has been circumvented, the wake propagation is decided by the direction of the bulk flow. This results in a small macroscopic flow angle even though the direction of propagation of the wake in the streamwise adjacent void is steeply inclined (refer figure 2).
The location of the separation point for the bottom vortex shifts across the obstacle symmetry plane in between the porosities of 0.61 and 0.67. For the range of porosities, 0.43 ≤ φ ≤ 0.61, the location of the separation point for the bottom vortex is on the same side of the obstacle symmetry plane as the top vortex, as discussed before. The shed vortices propagate in a manner that causes the wake to make contact with adjacent solid obstacles in the transverse direction. In this scenario, the wake is highly oscillatory near the surface of the obstacle. The shed vortex propagates away from the separation point in a direction tangential to the velocity at that location, which is not aligned with the mean flow direction. The phase difference in shedding plays a significant role in attaining the deviatory mean flow direction. A vortex that has been shed is hindered by the formation of its pair, causing it to change its course by interacting with the newly generated vortex. The direction of propagation of the wake is oscillatory, as a result of the phase difference in shedding and the influence of the stagnation point. The wake can be seen to oscillate about the stagnation point yielding a large-scale oscillation in the steady state macroscopic flow.
In the RANS simulations, the locations of the separation points agree reasonably well with both quantitative and qualitative matching of the locations. An exception is seen in the case with a porosity of 0.61 in the location of the separation point associated with the bottom vortex. This discrepancy was discussed earlier while analyzing the macroscopic flow angle. The prediction of the location of the separation point by RANS is unlikely to occur. It is observed that the bottom separation point is below the obstacle symmetry plane, but the vortex is formed at a location above it. While this configuration presents a smooth transitional regime, the constant addition of momentum in the converging section of the void, where the flow is seen to separate in RANS, will cause the flow to reattach. The supply of momentum is aided by the pressure gradient in the void, which has the highest favorable gradient for a porosity of 0.61 amongst all the tested cases. Therefore, the flow is least likely to separate in the converging section for the porosity of 0.61. The LES cases represent the variation of macroscopic flow angle accurately, with a better prediction of the vortex shedding process than in the case of RANS.
Solid Obstacle Shape and Arrangement
The shape of the solid obstacles plays an important role in determining whether the flow can remain attached on its surface for symmetry-breaking to occur. We investigated symmetry-breaking using circular cylindrical obstacles, which gradually changes the behavior of the flow from an attached to separated condition. Simulations were also performed for square cylinders, rotated square cylinders (diamond shape), and spherical obstacles. The use of square cylinders and diamond shaped cylinders did not yield deviatory flow for values of porosity that lie in the deviatory regime. The reason behind this is that both square cylinders and diamond shaped cylinders possess sharp corners that force the flow to separate at that location. In the case of square cylinders, the converging diverging section that is necessary to accelerate the flow is absent as well. For spherical obstacles, the macroscopic flow angle is present, where the flow deviates from the principal direction resulting in a three dimensional flow angle. Symmetry breaking is seen in three different arrangements of the solid obstacles in the GPM for circular cylindrical obstacles -the in-line arrangement, and the horizontally and vertically staggered arrangements. However, the staggered arrangements have a lower magnitude of macroscopic flow angle when compared to the in-line arrangement. A change in the obstacle arrangement would alter the path of the vortex wake, and even the vortex structure in the case of vertical staggering, leading to a change in the macroscopic flow angle. A summary of cases set up to study the effect of solid obstacle shape and arrangement is provided in tables 4 and 5. 
Influence of solid obstacle shape on the macroscopic flow
The shape of the solid obstacles cannot be parametrized (like porosity) while determining its influence on the macroscopic flow angle. Instead, we introduce necessary criteria for the shape of the solid obstacles towards the occurrence of symmetry-breaking. The deviatory flow occurs for those obstacle shapes, such as the circular cylinder, where the surface geometry is smooth and continuously varying. The symmetry-breaking phenomenon may be restricted by the obstacle geometry if the vortex shedding process is not strong enough to overcome the pressure imposition of the geometry. It is established in the previous section that symmetry breaking is a feature of porous media with low porosity. At low porosity, both the incoming flow and the geometry of the void space contribute to the pressure distribution in the porous medium. The incoming flow determines the magnitude of pressure that is exerted on the walls of the solid obstacles, and the shape of the solid obstacles will determine the distribution of pressure. At high porosity, the influence of the pressure distribution on the solid obstacle wall on the bulk flow is insignificant.
In an attempt to replicate the asymmetric flow pattern with other solid obstacle geometries, both twoand three-dimensional GPMs were used as listed in table 4. When square cylinders were used to form the 2D GPM, the deviatory flow did not appear. The 2D flow streamlines for this geometry are plotted in figure 11 , which indicate that the flow pattern is symmetric. Two large recirculating vortices are formed in the streamwise adjacent void when the flow separates at the sharp vertex of the square shaped geometry. The magnitude of stagnation pressure, the strength of the vortices and the favorable pressure gradient distribution are very important factors that promote symmetry breaking. In this square geometry, a converging-diverging section is not present to allow the formation of a favorable pressure gradient through geometry alone. A favorable pressure gradient can be induced through asymmetry in the stagnation pressure after vortex breakdown. However, the locations of the stagnation points in this geometry are fixed by the geometry at the locations of the sharp vertices, which observe perfect symmetry. The vortex shedding process is also different from the case of the circular cylindrical obstacles, as discussed in §4.2.2. The smaller shedding frequency and the weak nature of the vortices in square cylinder obstacles at low porosity do not promote symmetry-breaking. The flow patterns in the cases with square cylindrical obstacles contain zones of strong recirculation. The bulk flow enters the streamwise voids only through the vortex formation process. If the porosity is increased such that the size of the void is equal to the size of the obstacle (φ = 0.67, Case 17), fluid would enter the void from outside the envelop of the vortex. Theoretically, as the size of the solid obstacle reduces to zero (porosity increases to 1), the solid obstacle shape would cease to influence the flow pattern. This was another objective of increasing the porosity: to induce similarity between circular and square shaped obstacles. However, it should be noted that the reduction of the obstacle size beyond the critical value for symmetry-breaking would diminish the possibility of symmetry breaking. It was observed that the flow pattern for Case 17 was symmetric as well, indicating that it is unlikely that symmetry breaking would occur for a square cylinder solid obstacle geometry because the vertices in the geometry are not conducive to the development of the phenomenon.
To introduce a converging-diverging section in the square cylinder geometry, the orientation of the obstacles with respect to the principal direction is rotated by a 45 o angle. This operation is performed for Case 17. As seen in figure 11(b) , the presence of a converging-diverging section does not induce symmetry breaking in this case. Two important features of this flow pattern lend an explanation to the absence of symmetry breaking. The size of the vortex is much larger than the size of the throat section. This implies that substantial vortex breakdown must occur for fluid entrainment. When a newly shed vortex interacts with the existing recirculating vortex on one side of the obstacle symmetry plane, some fluid is exchanged with the other side. Microscopic asymmetry exists at this location, but vortex breakdown does not occur. The momentum supplied by this asymmetry is not sufficient to shift the direction of the macroscopic flow. Inadequacy in momentum is a consequence of the mandatory flow separation at the vertex of the geometry, and the inability of the separation point to shift past the vertex.
To be able to quantify these inferences and make reliable predictions for the macroscopic models in the future, the circularity (sphericity for 3D GPMs) of the geometry should be analyzed with regard to its influence on the macroscopic quantities and the symmetry-breaking phenomenon. In this document, criteria have been established for the occurrence of symmetry breaking based on the curvature of the geometry. The geometry of the solid obstacle must possess a smooth curvature such that the associated pressure distribution on the wall of the obstacle does not have an abrupt change (which is observed at a sharp vertex). As the magnitude of discontinuity in the contour of the obstacle surface reduces, the probability of the occurrence of symmetry-breaking increases. In the case of square cylinder obstacles, an abrupt change in the pressure distribution is present at the vertex that causes flow separation. When the obstacles are rotated by 45 o , the magnitude of the jump in the pressure gradient is lesser than in the case without rotation, but it is still sufficiently large to result in flow separation at that location. A circular shape may be constructed as a polygon with an infinitely large number of sides. Since symmetry-breaking occurs for an n-sided polygon for a large value of n, the threshold value of n above which symmetrybreaking can occur must be determined in future work. Speculation at this time leads us to believe that the value of n is coupled with the effect of viscous forces. If the flow is able to remain attached for an obstacle shape in creeping flow conditions, it may be conducive to symmetry-breaking in turbulent flow conditions. However, this criterion is based on conjecture.
3D GPMs are also tested to verify the occurrence of symmetry breaking. Since circularity of geometry is an important criterion for symmetry breaking, spherical solid obstacles are chosen to form the solid matrix. The spherical obstacles are not interconnected, and are artificially held rigidly in their place. The porosity of the medium is chosen such that symmetry breaking would be expected (based on the predictions from 2D GPMs) while ensuring that the obstacle walls do not touch each other and that the minimum void space that is associated with this geometry is sufficiently large to allow symmetry breaking to occur (see figure 9 , where the macroscopic flow angle reduces at very low porosity). 3D GPMs are not explored in detail since the computational expense of these simulations is very high. Simulations are only performed to address the possibility of symmetry breaking occurrence. It is observed that symmetry breaking is present in 3D GPMs, occurring in two directions forming a 3D macroscopic angle with respect to the principal direction. It would appear that the two dimensionality of the cylinder geometry in 2D GPMs was suppressing symmetry breakdown in the third direction. Another feature of 3D GPMs is that the flow separation process is three-dimensional. In 2D GPMs, the location of the separation point is the same at all planes in the third direction. The vortices appearing in the mean flow are two-dimensional as well for 2D GPMs. Simulations with 3D GPMs introduce an additional level of complexity pertaining to three dimensionality of the flow features. The 2D mean flow streamlines for this case are plotted in figure 12. Since the features are three dimensional, the 3D mean flow streamlines are also plotted in figure 13 .
The 2D streamlines are not indicative of all the flow features for 3D GPMs. They are used to illustrate that the flow is inclined at that plane. The inclination is also observed in the 3D streamlines in figure  13(a) . However, it is apparent that the flow pattern in 2D is not an accurate depiction of the threedimensional flow features, especially since only one vortex is visible in this visualization. The most obvious deduction that is made from the 3D streamlines is the presence a two-vortex system (see figure  13(b) ). The vortices are tilted away from the principal direction in both polar and azimuthal directions with respect to the center of the spherical obstacle. The vortices can also be seen to propagate in opposing directions as they move away from the surface of the obstacle. The proximity of the adjacent obstacle is responsible for the propagation of the vortex such that it is against the direction of the macroscopic velocity. This feature is in contrast to 2D GPMs where the vortices are propagated in the same direction. Another key observation is that the macroscopic flow angle in the xy-and xz-planes have different magnitudes. The different macroscopic behavior in these planes is attributed to the 3D vortex structure. In figure 13 , the vortex structure assumes a "horseshoe" (annular) shape on the surface of the obstacle. The horseshow structure binds the vortex shedding process in the xz-plane resulting in a smaller deviation. In the xy-plane, the flow is bound by a vortex on one side while the other side is free from the influence of vortex generation and flow separation, providing greater freedom for the macroscopic flow angle to increase. Simulations with other porosities and close investigation of the dynamics of the flow is necessary to understand this phenomenon better in 3D GPMs. FIGURE 12. 2D mean flow streamlines for Case 18 at the midplane of the spherical obstacles.
The effect of obstacle shape on the dynamics of vortex shedding
A contrasting behavior is observed in the vortex dynamics and the mechanism of vortex dissipation between the deviatory flow in circular cylinders to the other cases where deviation is not observed. The vortex dynamics plays a crucial role in determining whether or not the inclination will appear, and viceversa. In the case of the circular cylinder obstacles, it is observed that the vortices that are formed at the rear of the obstacle detach themselves from the surface of the cylinder to be carried away into the stream by the bulk momentum. The shed vortices are then dissipated in the mean flow by shear. The vortex dissipation process is not complete until the vortex interacts with the surface of the adjacent cylinder. For high porosity (0.67 ≤ φ ≤ 0.80), the vortex is dissipated in the transverse adjacent void in the presence of a local adverse pressure gradient. For low porosity (0.43 ≤ φ ≤ 0.61), the vortex impinges on the diagonally adjacent cylinder as a consequence of the fact that the flow is steeply inclined, where it is dissipated by the shear in the boundary layer.
In the case of the square cylinder, the vortices are stationed in the rear of the cylinder throughout their existence. This results in a recirculation zone in the rear of the cylinder, quite like the flow in a lid driven cavity. The proximity of the adjacent cylinder "traps" the vortex in the gap between the two cylinders due to the presence of a large stagnation pressure at the vertices of the square geometry. The flow in the transverse adjacent void proceeds to bypass the streamwise adjacent void over the recirculation zones stemming the possibility of a new vortex to be generated. The flow in the transverse adjacent void behaves like a channel flow, carrying the bulk of the momentum with it. As a result, the time scale of the vortex formation and dissipation cycle is much smaller than the time scale of the channel-like flow. The channeling effect and the fixed location of the vortex in the streamwise adjacent void are together responsible for a smaller applied pressure, gx, in the case of the square cylinder when compared to the circular cylinder for the same value of porosity (refer tables 1 and 4). At a low porosity, symmetry in flow pattern leads to a reduction in pressure drag as the pressure forces that are applied on the front and rear surface of the obstacle cancel out, thereby reducing the requirement for applied pressure gradient to maintain the flow rate.
The fluid in the vortex that is located in between the obstacles cannot continue to recirculate forever. As the vortex loses energy, a new vortex that is generated on the opposite side slowly displaces the older vortex in a manner that pushes it out of the gap. The older vortex cannot enter the transverse adjacent void due to the large momentum that is carried by the channel-like flow. As a result, it is continually dissipated in the shear layer in the form of a Kelvin-Helmholtz instability while being pushed towards the shear layer. The Kelvin-Helmholtz instability is visible in the instantaneous streamline plots shown in figure 11(b) .
The scenarios investigated here do not represent the behavior of the flow for the entire range of parameters for the shape of the obstacle, as it is a consequence of the surface pressure distribution (which has a strong dependence to the length and velocity scales). The vortices may make their way out of the streamwise adjacent void in the case of square cylinders for a higher porosity where the void size is much larger than the obstacle size. In the case of the circular cylinder, the vortex shedding mechanism is not only dependent on the porosity, but also on the Reynolds number of flow (see §4.3. ). The detached vortex mechanism will cease to exist when the Reynolds number is reduced sufficiently such that the flow separates much earlier leading to the formation of large zones of recirculation. However, this is unlikely in the classes of flows that are considered turbulent unless the flow is separated by some artificial manner (for example, the placement of a notch in the obstacle geometry in the diverging section of the void). Extremely low porosity may also result in early separation of flow leading to large recirculation zones. Therefore, the dynamics of vortices cannot be generalized by shape alone, since there are several other factors that have to be taken into consideration.
Influence of solid obstacle arrangement on the macroscopic flow
The use of an in-line solid obstacle arrangement to form the GPM ensures that the wake behind each solid obstacle possesses identical transient characteristics for vortex shedding and the development of symmetry-breaking. Using an in-line arrangement also ensures that the net force that arises from asymmetric pressure distribution on each obstacle surface is aligned. A question arises as to whether the phenomenon of symmetry breaking would appear if the solid obstacles are arranged in a different manner. It should be noted at this stage that the phenomenon of symmetry breaking is inherent at these Reynolds numbers for circular solid obstacles. The close spacing between the obstacles in porous media with low porosity would be present regardless of the arrangement. However, since the obstacles are not aligned, symmetry breaking may not amplify sufficiently to affect the macroscopic flow. To simulate the possibility of zero amplification, two cases were simulated where the rows and columns of the GPM were staggered by a distance equal to half the pore size (0.5s), such that the wakes behind the obstacles are out of phase by the maximum possible distance. The RANS turbulence model is used for this simulation to reduce computational expense. FIGURE 13. 3D mean flow streamlines for Case 18 describing the features of deviatory flow for spherical obstacles. Momentum source is applied in the x-direction.
The mean flow streamlines are plotted for both types of staggered arrangements in figure 14. It can be observed that the macroscopic flow angle is present for both cases, in spite of the misalignment in the wake. The magnitude of macroscopic flow angle is smaller in the case of both staggered arrangements when compared to the in-line alignment. A different vortex system is also observed in the case of vertical staggering, that resembles the vortex system from a higher porosity (similar to φ = 0.72). The vortex system is identical to the in-line arrangement in the case of horizontal staggering.
Two parameters control the macroscopic flow angle in the present cases with staggered arrangementsthe proximity of the obstacle walls and the tortuosity of the wake path. It can be observed that the vortex core size and the separation point location are identical in the case of in-line and horizontal staggered arrangements. This is a result of the two arrangements possessing the same wall-to-wall distance between the obstacles in the principal direction. However, the macroscopic flow angle is smaller in the case of the horizontally staggered arrangement due to the tortuosity of the wake path. The wake exits the streamwise adjacent void, circumvents the closest transversely adjacent obstacle and terminates on an obstacle that is more than one GPM unit cell dimension away from the generation point. The longer path taken by the wake weakens it and reduces the magnitude of the stagnation pressure upon impingement. Hence, a separation bubble is formed on the surface of the obstacle when the separation point shifts (see figure 14) . In the case of vertically staggered arrangement, the obstacle wall proximity is altered when the streamwise adjacent obstacle is moved. The void that is adjacent in the principal direction is larger than in the other two cases. This results in a change in the size of the vortices, along with a change in the macroscopic flow angle that now resembles a case with higher porosity. A simulation of the dynamics of the vortex system is necessary to confirm the nature of vortex shedding in these cases.
A change in the obstacle arrangement can severely alter the macroscopic behavior of the flow. Since random arrangements are a frequent occurrence in nature, it is important to parametrize this behavior. Two key parameters that affect symmetry breaking in these cases are the dispersion of obstacles in the streamwise direction and the tortuosity of the path of the flow. The sensitivity of the dispersion of the solid obstacles suggests that a similar effect would be present with oblong solid obstacles in in-line arrangements as well.
Influence of solid obstacle surface roughness on the macroscopic flow
Surface roughness affects the boundary layer on the wall of the solid obstacle for fully turbulent flows by causing the boundary layer to lose momentum at a larger rate. Since the macroscopic flow angle is determined by the location of the separation point, a change in the boundary layer may drastically affect the macroscopic flow angle. To investigate the influence of surface roughness, a RANS turbulence model with a log-law rough wall function was used to simulate the flow. For a hydrodynamically smooth surface finish, disparity exists in the macroscopic flow angle between the log-law wall function and a more accurate two-layer TKE wall model. The magnitude of the macroscopic flow angle for the log-law wall function can be assessed with qualitative value only. The macroscopic flow angle decreases as the surface roughness parameter, the equivalent sand grain roughness (Ks + ), increases (refer table 6). The change in the macroscopic flow angle with surface roughness is a manifestation of the change in the location of the flow separation point. 
Reynolds number
The simulations that have been presented in this work so far are performed for a Pore Scale Reynolds number (Rep) of 10,000. This is identified to be far enough from the effect of transition to turbulence. Simulations were also performed at lower Reynolds numbers (details in table 7) in order to verify the occurrence of symmetry breaking in the absence of a large momentum reservoir. Below the Reynolds number of 300, the flow patterns are symmetric with large recirculating vortices. In the range of 300 to 500, the macroscopic flow angle jumps from zero to a constant value that is preserved at higher Reynolds numbers. At the transition to deviatory flow, a separation bubble is formed in the shifting stage of the symmetry-breakdown process. The separation bubble is preserved until the strength of the stagnation point is able to overcome the adverse pressure gradient in the diverging section of the void, allowing the flow to remain attached in that region. The strength of the stagnation point for deviatory flow will increase when the Reynolds number is increased. The macroscopic flow field experiences a sudden jump in macroscopic flow angle between the Reynolds number of 300 and 500 when the vortex shedding process evolves. However, the microscopic process that results in the jump is the product of a gradual amplification of the instabilities in the flow. 
Influence of the Reynolds number on the macroscopic flow
The availability of adequate momentum to drive the amplification of the von Karman instability is an important factor for symmetry breaking. In order to investigate whether the phenomenon is limited to the turbulent flow regime, simulations are performed for the 2D GPM with low porosity by varying the Reynolds number of the flow from the creeping flow regime to the beginning of the fully turbulent flow regime. Only three cases are documented in this work that represent distinct flow behavior. In the case of creeping flow (Rep = 0.1) around a single cylinder in external flow, the flow remains attached throughout the surface of the cylinder. In porous media with low porosity, flow separation occurs at this low value of Reynolds number with a pair of attached vortices formed in the streamwise adjacent void. An attached vortex system cannot induce symmetry breaking because of its inability to breakdown and dissipate away from the separation point. This implies that the Reynolds number at which a detached vortex system is first formed would mark the beginning of the symmetry-breaking regime.
The symmetric behavior is consistent throughout the laminar regime and well into the laminar-turbulent transition regime. As the Reynolds number is increased, the location of the separation point shifts upstream and the attached vortices grow bigger in size as a result. It is observed that the vortex system changes from an attached to detached configuration in the Reynolds number range of 300-500. A consequence of a detached vortex system is symmetry breakdown. The detached vortex system also marks the incidence of the von Karman instability. The presence of the von Karman instability and a detached vortex system are essential for the uneven breakdown of vortices.
The location of the separation point shifts upstream first as the Reynolds number increases, and then starts to shift downstream once turbulence starts to affect the flow field. Turbulent boundary layers are prone to enhanced fluid mixing that allows the flow to stay attached for a greater distance from the stagnation point. At Rep = 500, a separation bubble exists (refer figure 15(b) ) at the leading phase side on the cylindrical surface. In this case, the separation points for the top and bottom vortices are located on opposing sides of the obstacle symmetry plane and yet, deviatory flow is observed. Flow entrainment after the vortex breakdown stage supplies adequate momentum to the boundary layer flow to reattach on the obstacle surface at a downstream location and proceeds to separate again on the same side of the obstacle symmetry plane. As a result, flow separation occurs twice for the boundary layer on one side with the appearance of a separation bubble to cope with the y-momentum supplied by flow entrainment despite the unavailability of momentum in the boundary layer to overcome the viscous shear. As the Reynolds number increases, the size of the separation bubble is expected to slowly diminish as the location of the separation point shifts downstream. At a Reynolds number of 3,000, the separation bubble vanishes entirely. The macroscopic flow angle has the same magnitude with and without the separation bubble. This indicates that there exists a discontinuity in the macroscopic flow angle at the point where the vortex system changes from an attached to a detached configuration. The physical process that results in the change is gradual, when the microscopic von Karman instability derives momentum from the bulk flow, subject to availability, towards its amplification. Instabilities in the flow introduced by the unsteady and non-linear nature of the flow field will be damped at lower Reynolds numbers. The ability of the flow to damp the instabilities will diminish as the Reynolds number increases since the instabilities will derive energy from the inertia of the flow. At a critical value of the Reynolds number, the instabilities start to amplify resulting in a detached vortex system with a phase difference in vortex shedding, which in turn results in deviatory flow.
Discontinuity is present in the mean field variables at steady state since the signature of the initial transient stage is not present. The agglomeration of effects that develop in the initial transient stage contributes to the flow field at steady state. To recover information about the transition of flow from a symmetric to deviatory condition when the Reynolds number is increased, the initial transient stage must be analyzed in detail. Transition to fully turbulent flow is expected to occur in the Reynolds number range of 100-200. However, transition in the vortex system from an attached to a detached configuration occurs only in the Reynolds number range of 300-500. In external flows, transition in the vortex system precedes the transition to turbulence. This character of porous media flows must be verified by determining the critical Reynolds number for this geometry.
To investigate whether this behavior is repeatable at different porosities, the simulations are also performed for a porosity of 0.72. The results of this simulation are not documented in detail here.
Transition from an attached to a detached vortex system and from a symmetric to a deviatory flow are both observed in the Reynolds number range of 300-500, similar to the observation with φ = 0.50. This observation provides confidence in the hypothesis that it is the transition from an attached to detached vortex system that causes symmetry breaking and that it is governed by the availability of momentum in the boundary layer. A separation bubble is not observed in the case of φ = 0.72 since the flow separates on opposite sides of the obstacle symmetry plane. The y-momentum is not sufficient to permit reattachment of the boundary layer.
4.4.
The effect of symmetry-breaking on the turbulent structures Coherent turbulent flow structures are examined by visualizing the iso-surfaces of Q-Criterion for the instantaneous flow field for circular and square cylinder obstacles. Q-Criterion is defined as the second invariant of the velocity gradient tensor. A turbulent structure is defined by a connected zone of fluid in space that possesses the same positive value of Q-Criterion, which represents the dominance of vorticity over strain rate in that zone. Visualizing the structures of turbulence in this manner have highlighted some aspects of flow that are unique to the shape of the obstacles. The Q-Method visualizations are provided in figures 16 and 17. The coherent turbulent structures are extracted by plotting the iso-surfaces of normalized Q-Criterion at a value of Q/Qmax = 10 -3 , with contours of mean x-velocity displayed on the iso-surfaces.
The effect of porosity is examined in figure 16 for the case of circular cylinder obstacles. The shear layer on the surface of the cylinder and the process of separation is observed to be two dimensional, which is visible as sheets of high vorticity regions wrapped on the surface until flow separation. After separation, "rolls" (or streaks) of fluid are shed which are also two dimensional at the point of generation. As these "rolls" move away from the obstacle surface, they begin to distort in the z-direction. The distorted vortex elements interact with one other and coalesce in the wake to form tubular structures that span in the streamwise direction (the span direction changes from normal to streamwise). The tubular structures of turbulence do not possess temporal coherence, as they are not visible in the mean flow solution. The coherent structures that enter the transverse adjacent void are all tubular in shape, stressing the importance of capturing the three-dimensional aspects of flow for the two-dimensional geometry.
The distinction between the turbulent structures for different porosities is highlighted in the manner in which the flow separates and the direction of propagation of the structures. For the porosity range of 0.72 ≤ φ ≤ 0.80, the spacing between the obstacles is sufficiently large. However, the structures that enter the bulk flow have a preferential direction. It can be seen in figure 16 for φ = 0.72 that a majority of turbulent structures are exiting the gap between the cylinders from the bottom of the cylinder. The structures that originate from the separation shear layer at the bottom are visibly larger. The inclination of flow (observed in the streamline plots in figure 2 ) results in the path curvature of these larger structures by bringing the structures to the top side. This results in the clustering of structures in the transverse adjacent void (in the converging-diverging section).
For the porosity range of 0.43 ≤ φ ≤ 0.61, even though the flow separates on the same side of the obstacle symmetry plane for shear layers from the top and bottom surfaces, the rolls in the separation shear layer are observed upstream of where the flow separates. These rolls are indicative of impending separation, meaning that there must exist some degree of instability upstream of the separation point. However, the flow manages to stay attached under the influence of the favorable pressure gradient in the converging section while remaining at the brink of separation. For φ = 0.50, the effect of confinement due to closely placed obstacles is apparent in the form of vortex stretching. The streamwise tubular structures are formed with a nearly circular cross-section. At the throat of the converging-diverging section in the transverse adjacent void, the structures can be seen to stretch in the z-direction. The confining space "flattens" the vortex structure at that location as a result of the geometry and the clustering of many structures in that region. In all of these cases, the turbulent structures will be dissipated when they cross the transverse adjacent void. The presence of numerous obstacles is the cause for consistent turbulence generation in a porous medium, which is why the critical Reynolds number for transition to turbulence is lower in porous media than in the case of a single obstacle.
For square cylinder obstacles, the flow is comprised of two distinct regions -a channel-like region and a recirculation region (see figure 17) . The two regions are clearly visible as they are demarcated by colored contours of x-velocity. The recirculation zones possess a very low velocity, colored in blue, and the channel-like zones possess a very high velocity in comparison, colored in red. At this instant of the flow, the vortex formation is at half cycle, implying that there exists a vortex on each side of the obstacle symmetry plane. At this instant, the influence of the vortex dissipation by shear is not visible. The dissipation of vortices results in a net reduction in the velocity magnitude in the channel-like flow that is clearly visible at the end of the dissipation cycle. The drop in velocity magnitude is present in alternate voids, while the velocity magnitude in the voids that do not encounter vortex dissipation in that cycle remains unchanged.
A strong gradient is present in the x-velocity at the interface between the recirculating vortex and the channel-like flow. This strong layer of shear is prone to the formation of Kelvin-Helmholtz instabilities that ultimately dissipate the recirculating vortices. Since the recirculating vortices do not enter the channel-like region, the turbulent structures that are present in that region are generated by the influence of the wall of the solid obstacle. The turbulent structures in the channel-like flow bear a resemblance to the hairpin vortex structures that are observed in a typical channel flow. The size of the hairpin structures depend on the width of the channel-like region, implying that the bulk flow consists of small turbulent structures that scale with the void space rather than the obstacle diameter. The larger structures never appear in the bulk flow since they are localized in the streamwise adjacent void. This is a contrasting behavior to the observations from circular cylinder obstacles where the size of the turbulent structures were comparable to the diameter of the obstacle even at low porosity. The ability to abstract parts of the porous media flow by simpler, well-known flow scenarios (such as the channel-like flow and the lid driven cavity flow) provides strength in understanding and modeling the phenomena in the macroscale.
When the obstacle orientation is changed for the case of square cylinder obstacles, the flow pattern changes with the preservation of some basic elements. Strong recirculation zones that possess a much larger time scale are present. A channel-like flow is present in between the recirculation zones that is more clearly visible in the streamline plot in figure 11 . The channel-like flow region is narrower in this case, possessing a greater degree of instability as a result of a strong interaction between the recirculating vortex and the channel-like flow. The size of the recirculation zone in this case is also much larger than when the obstacles were oriented at 0 o . As a result, a stronger gradient in momentum is observed between the recirculating vortices and the channel-like flow. The hairpin shaped turbulent structures of channel flow are absent in this flow since the channel-like flow does not encounter any solid walls. The turbulent structures in the channel-like flow are similar to those of free-shear flows with large structures concentrated at the interface of high momentum gradient. The absence of solid boundaries for the recirculating vortices provides a greater degree of freedom for the vortex to influence the bulk flow. 
Conclusions
Numerical simulations indicate that the occurrence of the von Karman instability in homogeneous porous media results in symmetry-breaking in the macroscopic flow that causes an angular deviation of the flow from the principal direction along which the pressure force is applied. The simulations are performed for a homogeneous porous medium that would normally warrant symmetric flow. The imbalances in the flow that are inherent in the von Karman instability are amplified and sustained with the help of the confining geometry in porous media with low porosity. The deviation originates from the phase difference in vortex shedding and the corresponding imbalances are sustained by a shift in the stagnation point while being aided by a favorable pressure gradient in the geometry. At present, the deviation is observed for the in-line and staggered solid obstacle arrangements, both of which are regular arrangements that ensure that the obstacle walls are always in close proximity. The macroscopic flow angle is observed to differ in magnitude for different obstacle arrangements.
Several governing parameters that affect the occurrence of the deviatory flow are identified -Porosity, Solid Obstacle Shape, and Reynolds number. Porosity is one of the fundamental governing parameters that decides the appearance of deviation. It is observed that the macroscopic flow angle is more pronounced for lower porosities. However, the macroscopic angle decreases once a critical value of porosity is reached. The circularity (2-D) or sphericity (3-D) of the solid obstacles is an essential parameter for this phenomenon, due to the reliance of the flow on the geometry to remain attached in regions of adverse pressure gradient. The Reynolds number of the flow must be in the regime of fully turbulent flow in order for the flow to possess sufficient momentum to withstand the deviation. The effect of surface roughness on the obstacle walls was also investigated in this work by using a RANS turbulence model that simulates surface roughness by using a wall function. Surface roughness that protrudes into the turbulent boundary sublayer will force the flow to separate early and influences the macroscopic flow through a reduction in the angular deviation. There is a wealth of information that is left to be extracted that must be addressed by future work.
